A simple and reliable method using on-line purge and trap gas chromatography mass spectrometry has been developed for the determination of the fumigant 1,3-dichloropropene (1,3-DCP) in agricultural water and soil samples. The proposed analytical methodology was validated in the target environmental matrices by the analysis of spiked blank matrix samples. Limit of detection values of 0.05 µg/L for water and 0.005 µg/Kg for soils were obtained, while limits of quantitation were of 0.1 µg/L for water and 0.01 mg/kg for soils. Good recoveries (93-104%) and precision values (< 6%) were obtained for the target compound in the studied matrices. This methodology has been successfully applied to the analysis of incurred groundwater samples from an agricultural area, The Campo de Dalías (Almería, South Spain), although 1,3-DCP was not detected. The method was also applied to soil samples from greenhouse treated with a soil fumigant containing 1,3-DCP.
Introduction
The 1,3-dichloropropene (1,3-DCP) is a halogenated fumigant, which can exist in either cis (Z) and trans (E) isomeric forms. The two isomers have very similar, but not identical, properties, and both are generally present as a racemic mixture in commercial formulations. 1,3-DCP is widely used in agriculture, on both food and feed crops, to control nematodes and fungi. In the last years, its use as a pre-plant fumigant has increased in response to the ban of methyl bromide (1) . It is injected directly into soil or sprayed on the ground, and hence released directly to the environment. In consequence, 1,3-DCP can enter as pollutant in soil and groundwater indirectly from drainage of agricultural lands. In soil, it can exist in solution or as a gas, with different mobility for each one. In the aqueous phase, 1,3-DCP presents a relatively high mobility because its adsorption capacity is low. However, it is adsorbed more strongly to soil particles when it is in the vapour phase, increasing its adsorption with the presence of high organic matter content and at low temperature. All of this generates an increasing need for monitoring soil and groundwater quality with respect to content of 1,3-DCP, especially in areas with intensive agriculture and/or mainly relying on groundwater for drinking water supply.
Sensitive and reliable analytical methods are required to monitor 1,3-DCP residues in water and soil samples. Given the relatively low boiling points and high vapour pressures of the cis and trans isomers, capillary gas chromatography (GC), using mainly electron capture detector (2-12) or mass spectrometry (MS) detector (13) (14) (15) (16) , has been the technique more frequently used. However, GC still shows low limits of detection (LOD) in order to reach the trace levels of residues in environmental samples, and appropriate extraction and preconcentration steps are required prior to the instrumental analysis. For that, analytical procedures based on headspace (3) (4) (5) (6) 9, 13, 14) , solid phase microextraction (2, 8) , and purge and trap (P&T) (12, 15, 16) approaches have been proposed for the extraction of 1,3-DCP from water and soil samples. Also, the isolation of the target compound from soil samples has been carried out with organic solvents, such as hexane (10) or ethyl acetate (3, 7, 11) .
P&T technique purges volatiles from water or soil onto an adsorbent trap, followed by thermal desorption of the analytes with GC carrier gas onto the GC column for separation and detection. P&T has the advantage of providing clean samples, free from matrix interferences, and as a consequence low detection limits are obtained. In addition, the P&T extraction is automated, and for that it is a useful option when high precision and high sample throughput are required. Among different types of P&T systems for analysis of volatile organic chemical compounds, the Velocity XPT is directed to ensure the highest sample throughput, as well as the highest chromatographic resolution. The first advantage is obtained by reducing sample cycle times, while the second one is reached placing an expansion chamber after the trap that focuses analytes into a tight band prior to desorption into the GC. In addition, the expansion chamber efficiently desorbs, and this greatly decreases carryover effect from run to run. This paper describes the development and validation of a simple analytical method for the determination of trace levels of fumigant 1,3-DCP in water and soil samples by P&T coupled to GC-MS using full scan acquisition mode. In order to optimize the method, several parameters were studied, such as purge time and desorption time. Finally, the optimized P&T-GC-MS method was applied to the analysis of 1,3-DCP residues in 10 groundwater samples and in soil samples taken from fumigated greenhouse soil using drip irrigation. In both cases, samples were collected from the main intensive agricultural area in South Spain (El Ejido, Almería).
Experimental Chemicals and reagents
Standard of 1,3-DCP is a mixture of the cis (49%) and trans (51%) isomers that were obtained from Dr. Ehrenstorfer (Augsburg, Germany). Acetone of residue analysis grade was supplied by J.T. Baker (Deventer, Holland). A stock solution of 1,3-DCP was prepared by exact weighing of 50 mg of standard and dissolution in 50 mL of acetone; this solution was stored at -18°C. Working standard solutions (10 mg/L) were prepared immediately before use by appropriate dilution of the stock solution with acetone. Spiked water and soil samples were prepared by adding adequate volumes of acetone pesticide standard solution to the matrix. Highly purified (HPLC-grade) water was obtained by ultra filtration of deionized water with a Milli-Q system (Millipore, Bedford, MA).
P&T extraction method
Spiked HPLC-grade water samples were used to optimize the chromatographic conditions. 1,3-DCP extraction was carried out in an accelerated P&T sample concentrator Velocity XPT from Teledyne Tekmark (Mentor, OH), coupled to a fritless glass sparger of 5 mL for water extraction and 25 mL for soil extraction. The Vocarb 3000 trap used from Supelco (Bellefonte, PA) was a commercial mixture of three types of adsorbents, namely Carbopack B, Carboxen 1000, and Carboxen 1001.
For the analysis of water, target compounds were purged at ambient temperature from an aqueous solution for 15 min by administering helium at 40 mL/min. The analytes were dried by a Dryflow process at 175°C for 0.5 min. The helium flowed in this step did not pass through the sample vessel and reduced the moisture before desorbing the analytes. After the analytes were dried and trapped at 0°C onto a Vocarb 3000 sorbent, they were pre-heated at 40°C for 1 min, then baked at 250°C to desorb the compounds, assisted by a helium flow of 200 mL/min for 1 min. They were directly transferred to the GC injector. To avoid carryover effects, after the transfer of analytes, the trap was cleaned at 235°C and helium was passed through at a flow of 400 mL/min for 2 min.
For the analysis of soils, 5 g of soil sample was mixed with 25 mL of water and pre-heated at 40°C with an external heater. The rest of the process is as described for water samples, except that the trap temperature was 60°C. A sumary of the main parameters is given in Table I .
GC-MS analysis
GC-MS analysis was performed with a Varian 3800 GC with electronic flow control and fitted with a Saturn 2000 ion-trap mass spectrometer (Varian Inc.; Walnut Creek, CA). The analytical column was a Zebron TM ZB-5ms (30 m × 0.25 mm i.d. × 0.25 µm film thickness) from Phenomenex (Torrance, CA). The initial temperature of the column oven was 35°C (hold for 6 min) and then raised at 50°C/min up to 200°C. For the introduction of the sample into the chromatographic system, a split of 1/20 was used in the injection port. The mass spectrometer was operated in full scan mode, setting the ion trap, manifold, and transfer line temperatures at 200°C, 50°C, and 280°C, respectively. The multiplier voltage (1 × 10 5 gain) was 1600 V with a multiplier offset of + 100 V. Automatic gain control (AGC) was turned on. The MS was operated in electron ionization (EI) mode at 70 eV. The AGC target value was set at 20,000 counts; the emission current was 30 µA, and the excitation storage level was 40 m/z. The mass analyzer was programmed for scanning between 60 and 120 m/z. Peak identification and quantitation were carried by the use of VOC TekLink software (Tekmar).
Results and Discussion

Optimization of P&T extraction
Purge and desorption times were the main parameters optimized for the P&T extraction process before the validation step. Purge time influenced the quantity of helium (inert gas used) that bubbled through the aqueous sample, and, in consequence, the quantity of analytes moved from the liquid to the vapour phase. Four different purge times were tested: 5, 10, 15, and 20 min. For each time, three water samples spiked at 1 µg/L were analyzed, and the mean and relative standard deviation (RSD) were calculated. In order to compare the results obtained, the following relationship (equation 1) at variable purge time (R pt ) was estimated, maintaining constant desorption time (1 min):
R pt (%) = peak area at variable purge time 100 Eq. 1 peak area at final purge time An increase of the 1,3-DCP signal can be observed when increasing purge time (Table II) . The application of the Student's t-test showed no significant differences for R pt (P > 0.01) between 15 and 20 min; significant differences between 5 and 10 min, and 10 and 15 min, respectively. It can be also observed that the increase of purge time improved precision values (RSD). In consequence, a purge time of 15 min was selected in order to reduce extraction time and maximize sensitivity. The second parameter optimized, the desorption time, was tested at 1, 2, 3, and 4 min. For each time, three water samples spiked at 1 µg/L were analyzed, and the mean and RSD were calculated. Also, the relationship (equation 2) between peak areas at different desorption times (R dt ) was estimated, maintaining constant purge time (15 min): R dt (%) = peak area at variable desorption time 100 Eq. 2 peak area at final desorption time The application of the Student's t-analysis showed no significant differences between each pair of consecutive times, and in consequence the effect of this parameter was smaller than the effect of increasing purge time. As with time purge study, precision values were always below 10%. Therefore, a desorption time of 1 min was selected.
The chromatogram of a water sample extracted with the optimized method is shown in Figure 1 . The two chromatographic peaks observed (retention times 4.36 and 5.25 min) corresponding to the cis and trans 1,3-DCP were used for quantitation purposes as sum of their areas.
Quality parameters of the method
The optimized GC-MS method was validated in terms of linearity, accuracy (trueness and precision), lower limits (detection and quantification limits), and selectivity. The validation was carried out in two different matrices: water and soil. All validation experiments were performed using an uncontaminated environmental groundwater or soil sample.
In groundwater samples, the linearity of the method was tested in a low concentration range (0.1-1.0 µg/L), because such trace levels of 1,3-DCP are expected in real samples. Three calibration points (0.1, 0.5, and 1.0 µg/L) were used with two replicated for each level. The calibration equation was y = 13286x -1867 with a determination coefficient, r 2 , of 0.9914. The accuracy of the method was obtained from results from the analysis of five independent samples on the same day at two different concentration levels, 0.1 and 1 µg/L. The trueness, expressed as % recovery, was of 98% and 97% for the low and high concentration levels respectively, while the precision, expressed as %RSD, was 6% and 5%, respectively. The limit of detection (LOD) and quantitation (LOQ) were estimated according to IUPAC recommendations (17, 18) . LOD calculations were based on the theory of hypothesis testing and the probabilities of false positives (α = 0.05) and false negatives (β = 0.05), whereas the LOQ was established as the lowest concentration tested which gave acceptable recoveries (between 70 and 110%) and precision (RSD lower than 20 % (18) . Good values were obtained, with LOD and LOQ values of 0.05 and 0.1 µg/L, respectively.
Once the quality parameters of the P&T method were estimated in groundwater samples, the method was also validated for soil samples. The linearity of the method was tested in a wide range (0.01-1.00 mg/Kg) by spiking blank soil samples at seven concentration levels (0.01, 0.05, 0.10, 0.20, 0.25, 0.50, and 1.00 mg/Kg), and applying P&T to each of them (two replicates for each concentration). The calibration range was set considering the expected concentrations to be found in the analysis of real soil samples. However, the linearity in the whole selected range was not adequate, with r 2 values lower than 0.98. In order to maintain this wide range, calibration was made considering two different linear ranges: the first one was set from 0.01 to 0.25 mg/Kg, and the second one from 0.25 to 1.00 mg/Kg. The calibration equation obtained was y = 778795x -396 (r 2 , 0.9996) in the lower range, and y = 104230x + 2089 (r 2 , 0.9912) in the higher range. This calibration strategy allows the quantitation of concentrated soil samples without prior dilution, and therefore reduces the average time required per sample, as well as the uncertainty of the estimated concentration. The accuracy of the method was obtained from analysis of five independent samples on the same day at three concentration levels, 0.10, 0.25, and 0.50 mg/Kg. The trueness, expressed as % recovery, was of 93%, 102%, and 104% for the low, medium, and high concentration levels, respectively, while the precision, expressed as %RSD, was 4%, 3%, and 2%, respectively. The LOD and LOQ in soil samples were also estimated. Good values were obtained, with LOD and LOQ values of 0.005 and 0.01 mg/Kg, respectively. In both matrices studied the selectivity of the procedure was evaluated by analyzing control blank samples. The absence of any signal at the same retention time as the target compound indicated that there were no chemical interferences. In consequence, in this study, the combination of selective extraction by P&T and selective determination by GC-MS made possible a selective determination of the target compound in complex environmental samples.
Identification of 1,3-DCP was done based on the retention time windows, defined as the chromatographic retention time average of the isomers (4.36 and 5.25 min) ± three times the standard deviation of the retention time when 5 blank water samples spiked at 1 µg/L were analyzed. They were 4.05-4.51 min for cis-1,3-DCP and 5.05-5.45 min for trans-1,3-DCP.
The confirmation of a previously identified compound was performed by the recording of the full scan spectra and checking the presence of all measured diagnostic ions with a relative intensity of more than 10% in the reference spectrum obtained in identical experimental conditions. These characteristic ions must correspond to those of the reference spectrum with a tolerance of 20% (19) . Also, abundance of the clusters caused by the presence of two chloride atoms in the structure of the molecule was also considered for the confirmation of the results.
Method application
To assure the quality of results when the proposed procedures are applied to routine analysis, various internal quality criteria have been established. The batch of samples analyzed each day was processed together with: (i) a blank sample (water or soil) that eliminates a false positive by contamination in the extraction process; (ii) a blank spiked at the concentration of the second calibration level (0.5 µg/L in water and 0.05 mg/Kg in soil) in order to assess the extraction efficiency (recovery rates between 60% and 120% are accepted); and (iii) calibration curves prepared daily to check both sensitivity and linearity in the working range of concentrations in order to avoid quantitation mistakes caused by possible matrix effects of instrumental fluctuations (R 2 > 0.99 are requested).
The proposed method was applied to the analysis of 10 groundwater samples taken from wells of the Campo de Dalías, the main area of intensive agriculture of Almería (Spain). None of the presented 1,3-DCP were above the stated LOD level. As a consequence of the negative results obtained, and in order to test again the efficiency of the proposed method for the analysis of real groundwater samples, the negative real samples were spiked with 0.1 µg/L of 1,3-DCP and reanalyzed. Now the analyte was positively determined with an average recovery of 96%, and RSD of 7%.
On the other hand, levels of 1,3-DCP in soil samples from a greenhouse after its application (Drafol-one, 107% p/v) were studied. Application rate of the commercial product was 110 L/Ha. Concentrations decreased after the compound application, starting with a value of 1.89 mg/Kg immediately after application and decreasing to less than the LOD (0.05 mg/Kg) after three days (Figure 2 ), which agrees with the DT 50 values reported in the literature (20) . Figure 3 shows the mass spectrum and gas chromatogram obtained from a soil sample obtained 48 h after application. 
Conclusions
P&T extraction method coupled to GC-MS analysis is a useful approach for the determination of 1,3-DCP in groundwater and soil samples. This method is simple, inexpensive, and solventfree, and in consequence sample preparation or clean-up steps such as extraction, concentration, fractionation, and isolation of analytes, which may result in a loss of volatile compounds, are avoided. This approach also allows the achievement of adequate LOD values in order to detect the target compound at trace levels in the studied agricultural matrices. The proposed method was applied to the determination of 1,3-DCP in 10 real groundwater samples, but the target compound was not present at concentrations above the LOD of the method. Also, a dissipation study of 1,3-DCP was carried out after its application in soil from a greenhouse.
